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Summary

Under this program an advanced development model of
a portable field electrical power source capable of operation
on logistic military fuels was designed. The design was based
on and substantiated by full size breadboard testing conducted
concurrent with the design effort.

The 1.5 KW Open Cycle Power Plant design is shown in
Fig. I. The design was comprised of three basic subsystems:
Thermal Cracker, Fuel Cell and Power Conditioner, and Control
Module. The thernal cracker serves to convert logistic mili-
tary hydrocarbon fuels to a hydrogen~rich gas stream. The
hydrogen in this stream is electrochemically combined, within
the fuel cell, with oxygen from ambient air to produce elec-
trical power. The power conditioner and control module regu=-
lates the raw electrical output of the fuel cell and provides
control functions for the thermal cracker and fuel cell.

The design of the 1.5 KW power plant was verified
by tae coperction of a full gscale breadboard system consisting
of thermal cracker, fuel cell, and control module. The power
conditioner was not tested in breadboard form. The switching
transistor and drive circuitry, however, were tested on fuel
cell output.

Full scale breadboard testing of the integrated
system was limited to 21 hours during which the system pro-
duced 1.25 KW at a fuel rate cf 2.5 lbs/hr of JP~4. The
thermal cracker subsystemn was operated for a total of 80 hrs.
Due to this limited period of aperation it 1s recommended that
further investigation of life effects be conducted before pro-
ceeding with construction of the advanced development model
power source,
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Forword

This is the final report on the work done in Phase I
of a program to develop a family of field power supplies based
on the open cycle fuel cell process. The report covers the
technical work performed from July 1, 1970 through April 30, 1971.

During Phase I, a design and development program on a 1.5 KW
Power Plant was conducted.

This report was prepared by the Engelhard Industries
Division of Engelhard Minerals & Chemicals Corporation in accor-
dance wicth the provisions of Contract No. DAAK02-70-C-0517, for
the U. S. Army Mobility Equipment Command, Research and Develop-
ment Center, Fort Belvoir, Virginia.

Mr. W. G. Taschek of USAMERDC, Fort Belvoir, Virginia
was the Contracting Officer's representative.

The work was performed in both the Rusearch & Devel-
cpment Department and Systems Department of Engelhard Industries.

In addition to Dr. J. G. Cohn, (project munager) the
following were significant contributors:

Y. 0., J. Adlhart

. R. P. Angelillo
. W. 8. Brink

. W. Eghert

. R. H. Lecheit
Mr. R. Michalek

Mr. A. Stawsky

Mr. F. H. Stephens
Mr. P. L. Terry
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3.0 Introduction

The objective of this program was to design a field
power source capable of converting commonly available, military
hydrocarbon fuels into electrical power.

The 1.5 KW, open cycle, fuel cell power plant designed
under this contract is shown in Figure 2. The design consists
of three major subsystems: Regenerative thermal cracker, phos-
phoric acid fuel cell, and power conditioner and control module.

The thermal cracker serves to crack the fuel into its
constituent hydrogen and carbon, the hydroge:n being released as
a gas and the carbon beiny deposited in solid form within the
cracking chamber. Feriodically the cracking chamber is regener-
ated to eliminate built-up carbon and provide reaction energy
by combustion of the carbon with air. In order to provide a
continuous rflow of hydrogen, two reactors were incorporated in
the 1.5 KW system design; sequenced so that while one reactor
is cracking, the other is being regenerated.

lectrical power is produced by the fuel cell by the
electrochemical combination of hydrogen and oxygen to form water.
The fuel cell design used in this program utilizes an immobilized
phosporic acid electrolyte arid platinum activated electrodes.
Regulation of the raw DC puwer from the fuel cell and process
control is provided by the power conditioner and control module.

Effort on this program was conducted in four gimul-
taneous phases: Fuel conditioner, fuel cell, power conditioner
and systems integration. The first three phases were conducted
independently. Systems integration utilized data received from
the other three phases to develop the process control system
and the final packaged design. Due to the high level of de-
velopment required, principal effort was concentrated on the
development of the thermal cracker sub-system. The 1.5 KW
Advanced Development Model design was supported by laboratory
testing of individual critical components and by the operation
of a full scale breadboard fuel cell -~ thermal cracker gystem.

This program was supported by previous and concurrcnt
fuel cell and thermal cracker development performed by Engelhard
and MERDC.
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4.1 Fuei Cell Subsystem

The fuel cell subsystem serves to electrochemically
combine hydrogen, from the thermal cracker, with oxygen, from
ambient air, to produce DC electrical power and water. The
fuel cell used in this program and specified in the advanced
development model design is based on the Engelhard, air-cooled,
matrix type, phosphoric acid fuel cell design. The basic cell
employs an immobilized phosphoric acid electrolyte and plat-
inum activated electrodes.

4.1,1 General Design Featureg of Fuel Cell Subsystem

The prototype fuel cell employed in the development
program is shown in Fig-. 3 and 4. The system consists of the
fuel cell stack with an integral air supply, a temperature
conitrol system and a start-up heat exchanger. This systan was
developed under a concurrent contract, DAAKO02-68~C-00407.

The components are housed in two deep drawn, alwainum
shells butting on the top plate of the stack. This plate, of
cast aluminum, also provides a mounting surface for the aux-
iliary components. The top cover is spring loaded against
two toggle latrh closures. Releasing the latches allows the
top cover to raise, eXposing an annular circumferential open-
ing through which ambient air is drawn for cell operation.

4.1.1.1 Fuel Cell Stack

The fuel cell stack employed in the breadboara
system is of the conventional bipolar construction and is made
up of a total of 42 single cell modules.

The bhasic c¢ell assembly or module consists of an
electrode-matrix laminate, bipolar plate, anode support shim,
cathode support shim, spacer, and gasket.

The performance and physical characteristics of the
electrode-matrix laminate have been covered in previous reports
(references 2, 3, 4, 5, 7, & 8).

The hipolar plates provide current collection, react-
ant manifolding and support for perimeter gasketing. These
plates are fabricated from 1/8" thick aluminum and are gold

it i ML 0 ]
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4.1.1.1 Cont.

plated for protection against corrosion. Anode and cathode
shims are used to prevent the sealing edges of the cell lam-
inate and the gasket from pra2ssing into the reactant f£low
grooves of the bipolar plates at the reactant inlet and out-
lets. These shims are 0.003" thick and gold plated for
corrusion resistance. The gasket material is an ethylene-
propylene formulation, originally develoved at Fort Belvoir.

The fuel cell stack is contained between the end and
thermal insulation plates in a filter press type assembly.
Components required to make electrical, reactant and control
connection to the stack are an integral part of this assembly.

The tie rods, to reduce space requirementzs, are not
external to the stack but are positioned in the hydrogen
manifold.

Both reactants pass through the stack in a sgingle
pass. To obtain high hydrogen utilization, the fuel is fed
through the stack in a cascading o™ passing from the top to
the bottom of the stack through ygioups of cells manifolded in
cseries. The air enters the stack from both sides thruugh ex-
posed cathode grooves.

4.1.1.2 Air Supply & Waste Heat Management

A single air stream is used to accomplist heat and
water removal and to provide chemical air. This air flow is
varied depending on amblent c.nditions and stack load to
maintain a constant stack teni.crature. This mode of tempera-
ture control is possible since the air flow required for waste
heat removal is greatly in excess of that needed for the elec-
trochemical operation and water removal (6).

The fuel cell stack temperature is coatrolled by
varying the air flow in response to the heat remcval require-
meat. The air flow rac+ 1s controlled by a two~speed hlower
operating in response to a thermal switch sensing stack ftem=
perature. Two additional thermal switches are used for low
temperature and over-temperature protection. At low tempera-
tures (< 200°F) removal »f product water is insufficient and
at high temperature (>300°F) degradation of the fuel cell
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4.1.1.2 Cont.

catalyst increases rapidly.

Temperature uniformity over the active cell area is
a necessity for long cell iife. Admitting the ambient air
directly to the cathode cavities leads to a thermal gradient
which is only counteracted by the thermal conductivity within
the cell module.

The Alternate Flow Air Coolirng Principle serves to

minimize this gradient by utilizing the thermal conduction per=-

pendicular to the air flew as indicated ia Fig. 5. Air is
admitted by a suitable manifolding to groups of three cells
each from opposing sides of the fuel cell stack. The effect
is that the cold region where air enters is adjoined by the
hot ends of the bipolar plate where the air leaves the stack.
Thermal conduction in the vertical direction provides a short
math for heat transfer.

4.1.1.3 Fuel Cell Start-Up Facilities

Although operable at moc: ambient temperatures some
preheating of the phosphoric acid cell is desirable during
start-up to minimize water accumulation in the elactrolyte
matrix. A suitable heat source for the start-up is the flue
gas from the start-up cracker burner. In order to protect
the fuel cell from damage due to local overheating by the
widely varying flue gas temperature or poisoning by contam-
inants such as lead or sulfur, a heat sxcnanger is employed
in the advanced development model desiin.

Start-up procedures are discussed in greater detail
in Section 4.4.2.
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4.1.2 Performance Characteristics of Prctotype System

4.1.2.1 Electrical Performance and Fuel Consuuption

Current-potential characteristics and fuel consumption
of the prototype system are illustrated in Fig. 6. Measure-
ments were performed using a bottled fuel mixture containing
80% H,, 19% N, and 1% CO. At a stack current of 65 amperes,
hydrogen utilization was 91%. The fuel loss is due to cross
leakage and the power consumption of the air blower. The ef-~
ficiency maximum of 41% is reached at approximately 30 amperes
at lower currents efficiency decreases significantly as cross
leakage causes a proportionately higher fuel loss.

Data shown in Fig. 6 refer to actual hydrogen con-
sumed ard dec not include the fuel lost in the fuel cell bleed
gas. The bleed requirements are largely a function of the
carbon monoxide content. The effect of carbon monoxide on
hydrogen utilization has been reported on earlier (7).

4.1.2.2 Temperature Distribution and Air Pressure Drop in
Breadboard Fuel Cell Syst

The cooling capacity of the breadboard fuel cell
system was insufficient for sustained ocoperation at the 1.75 KW
operating point due to unwanted preheat of the cooling air
within the stack casing, and excessive air pressure drop within
the system. The highest output at which a thermal balance was
maintained was 1330 watts net. Data recorded at this operating
point are presented in Fig. 7. 1Inlet air was preheated by
wpproximately 33°F through heat exchange with stack components
prior to entering the fuel cell stack. Cooling air pressure
drop data are summarized in Table 1.

The fuel cell stack was the major flow restriction.
Most other components including the integral start-~up heat
exchanger employed in the breadboard fuel cell, materially
added to the overall flow restriction.
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TABLE I

Air Pressuxe Drop in Breadboard Fuel Cell
Fuel Cell Load 1,530 watts 1,690 watts
Estimated Air Flow 18 cfm 45 cfm

Pressure Drop/Inch H,O
Air Filter 0.30 -
Heat Exchanger 0.43 -
Passage Through
Castang 0.21 -
Stack 2,45 3.50
Air Exhaust Channel 0.15 1.05
Air BExhaust Port 0.15 0.45
3.69 $.00

Temperature distribution within the stack was ac-
captably uniform. The maximum temperature variation observed
within an individual cell was 18°F. Higher cell to cell grad-
ients were cbserved, however, cell to cell gradients are accept-

able as they do not produce current density gradients within
the stack.
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4.1.3 General Features of Revised Fuel Cell Subsystem Jesign

A major deficiency of the prototype fuel cell sub-
svstem discussed in Section 4.1.1 - 4.1.2 was caused by
insufficient heat removal capability. The specific routing of
the cooling air and system packaging are cause for excessive
pressure drop and excessive preheating of the cooling air.

Fig., 8 illustrates schematically the design changes
incorporated in the advanced development model design ta cor--
rect this problem. In order to simplify air routing the blower
and start-up heat exchange element are positioned external to
the fuel cell uni.. The conrnfiguration shown gives a balanced
symmetrical flow with lower pressure drop. Exhaust air is di-
rected out of bcecth ends of the unit at right angles to the air
flow in the stack. A housing contour matching the air routing
serves Lo minimize the pressure drop.

Reinfcrced plastics are used for the housing and some
internal structures to minimize internal heat exchange.

-13-
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4.1.4 Component Improvement Study

4.1.4.1 Carbcn Bipolar Plates

A major cost item in the fuel cell stack is the
aluminum bipolar plate largely because of the required pro-
tective gold plating. A considerable effort was undertaken
to replace these structures with comparable but less expengive
carbon-based plates. Several experimental stacks were eval-
uated under this program. These stacks were partly available
from concurrent studies (4).

Carbon poses a number of problems compared to met-
allic plates. Residual porosity and increased contact resis-~
tance between the collector plates and the metallized teflon
electrodes require specific processing. Further, a critical
consideralion is its lower thermal conductivity since thermal
conduction cf the bipolar plate i8 reliesd upon for temperature

distribution in the stack. The co-efficient of thermal conduc-

tivity of commercially available carbon ate.. range from
50-500 Btu/hr/ft2/°F/inch, as compared t_ . 32 for 6061 for
aluminum.

Pertinent data for commercially available carbon
materials used for bipolar plate fabrication are summarized in
Table 2, together with comparative data for 6061 aluminum.

TABLE 2
Materials Usgsed for Fabrication of Bipolar Plates

Therinal Electrical
Density Porosity** Conductivity Resistivity
Grade q/cm?3 % Btu/hr/ft*/°F/in. l..ch
L-56* 1.63 20 250 0.00).2
P=29% 1.85 0.8 70-1C0 0.0020
P3-W* 1.60 17 500 0.0005
Al 6061 2.70 ——— 1558 ——————

*pPure Carbon Co., St. Mary's, Pa.
**Prior Lo impregnation.
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4.7.4.1 Cont.

Dimensional details and design features of test stacks

i : with carbon bipolar plates are given in Table 3. L=-56 Carbon
: was used exclusively.

 —

TABLE 3
E Test Stacks with Carbon Bipolar Plates -
] Number of Plate Number of ;
: Stack Cells Thickness Baffles
[
é Cc-1 15 1/8 - None
' c-2 42 3/16 5
C-3% 22 1/8 3
Plate Dimensions = 5=3/4 x 11-3/4

Active Area - 8-1/2 x 4-1/2

All stacks use the alternate flow air cooling principle with a
manifolding frequency every third plate.

*10 & 20 plate 1/4" copper.

The lower thermal conductivity of carbon has compara-
tively little effect on the thermal flux fram cell to cell ¢
becauss of the short psth and large cross-—-sectional area avail- -
able for heat transfer. In the vertical direction, thermal
conduction of the cell unit rather than the bipolar plate de-
termines the effective co~cfficient of thermal conduction.*

The vertical temperature differentials ohserved in
stuck C=2 (Table 4) are illustrated in Fig. 9. This stack was

*Reference is made to work performed under Ct. DAAKO2-68-~C~-0407.
The vertical coefficient of thermal conduction with alum.bipolar
plates was determined as 19.2 watte/°C/cell as compared to 800
watts/°C/Cell for aluminum alone. Raplacement of aluminum with
L-56 carbon reduced the coefficient only to 17.6 w/%C/cell.
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4.1.4.1 Cont.

operated and tested with an integral air supply and temperature
control system, Temperature readings indicated in ¥ig. 10 refer
to the center of the active cell area (see Table 3). A dif-
ferential of 31°C develops between the hottest cell and the

last and coldest cell in the stack. The temperature gradient

is the result of heat losses through the end plates and preheat-
ing of the air prior to its entering of the fuel cell stack.

The latter is illustrated in Fig. 8. The air temperature is
shown at various points in the stack container. The cooling

air rises from the bottom of the stack and preheats on the air
exhaust manifolds before entering the fuel cell.

The thermal conductivity in the horizontal direction
is largely dependent on the properties of the bipolar plate.
Although the heat flux is small, differentials in temperature
are magnified by the resulting current density gradients.

Test data for stack C-1 are tabulated in Table 4.
Perpendicular to the air flow temperature differentials range
from 30-50° between cell center and points near the hydrogen
manifold (compare point 4 with 2 or 8). This large gradient
develops as a result of heat losses from the hydrogen manifold.

In the direction of air flow, gradients are smaller,
ranging from 4-12°C as the alternate flow air manifolding min-
imizes the effect of the cold ambient air entering the stack.
(Compare points 1-2-3, 4-5-6, and 7-8-9).,

The insertion of metal plates materially reduces the
temperature differential between the stack center and the
hydrogen manifold.

In stack C-3, copper plates (1/4") were inserted
every 10th plate. Test data are summarized in Table 5. Over
the major portion of the stack temperature varies only by 10°C.
Contrary to stack C-2, consistently higher temperatures were
recorded in stack C-3 on one side of the hydrogen manifold.
This is related to the specific mode of testing. In stack C-3
alr was drawn through the fuel cell system hy application of
a vacuum to the air exhaust manifold. This had the effect of
adnitting air uniformly to the stack without conling the sides
of the stack. Stack C~1 was testced in a pressurized housing
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TABLE 4 - STACLK C-2
Points
Plate 3 2 3 4 ) 6 7 8 9
Plate Tempsrature ®c

Top

1 99 1 95 98 102 99 92 94 53
2 93 £02 94 102 112 100 93 g9 93
3 100 103 93 119 127 103 96 105 92
4 102 05 92 124 139 110 109 107 100
5 100 104 92 13} 148 112 112 113 98
6 102 110 91 133 149 115 112 118 98
7 104 110 93 137 155 121 110 110 100
8 103 110 102 126 139 125 105 113 103
9 103 110 102 133 152 130 104 113 103
10 110 114 95 141 148 110 106 107 97
11 114 118 95 138 i48 115 107 108 97
12 112 118 97 138 145 117 164 112 g8
13 98 110 104 - - - S8 105 98
14 T8 110 104 123 129 117 102 108 99
15 114 110 103 117 123 117 99 102 99
TABLE S - STACK C-3
Plate 1 2 3 4 5 6 7 8 g

Plate Temperature °C

Top

1 97 103 107 102 il10 112 103 106 110
2 99 107 | B {4] 103 112 115 101 109 112
3 102 110 113 i01 111 113 183 108 110
4 101 109 112 107 115 1186 i01 113 117
S 100 108 11a 106 116 119 1056 116 117
6 116 113 115
7 117 115 126
8 115 112 118
9 115 111 117
10%% 105 111 113 104 114 118 106 115 120
11 120

12 124

13 122

14 119

15 110 118 120 120 130 127 117 126 122
16 132 127 122
18 128 124 120
19 132 129 122
20%*» 107 114 118 114 124 114 110 122 118
21 130

22 133

** 1/4" Topper bipolar plates
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4.1.4.,1 Cont.

and the cooling air was admitted on one 3ide of the hydirogen
manifold.*

4.1.4.2 Electrodes and Catalyst Loadings

No work was performed under the subject contract to
improve electrode performance and minimize precious metal cat-
alyst loadings. (Catalyst loading is discussed in reports
issued under Contract DAAKC2-71=C-0297 and DAAKO02-67-C~0219
(5.8).)

*With a resultant increase in heat loss.
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4.2 Thermal Cracker

4.2.1 Thermal Cracker - Descripoion of Operation

The thermal cracker subsvstem serves to convert liquid
hydrocarbon fuels to a hydrogen rich gas stream. The subsystem
includes all components and controls for continuous operation.

: 4.2.1.1 Process

Military, logistic hydrocarbcn fuels are thermally
cracked into their constituent hydrogen and carbon in a high
temperature, catalytic reactor. The hydrogen is given off as
a gas and is passed to the fuel cell after suitable purifi-~
cation. The carbon is retained, in sclid form, within the
1 reactor bed. A regenerative system is used to provide the

thermal energy required for cracking »nd te eliminate build up
é of carbon. At the end of the cracking cycle, the catalyst bed

is returned to cracking temperature by combusting the product
carbon within the reactor with air.* Two parallel reactors are
operated in sequence, to provide a continuous H, supply. A
k short purge follows carbon burn out to prevent oxygen, carbon
monoxXide, and carbon dioxide remaining in the reactor after
burn off, from being passed to the fuel cell. During the purge
cycle fuel is iantroduced into the reactor, as during the
cracking cycle, but the product gas is vented.

The reactor timing sequence employed in the breadboard
testing phase of this contract was based on results of a pre-
vious contract to investigate the thermal cracking process,

Ref. 1, and preliminary investigation undeir this program.
Total cycle length was 6 minutes. This was composed of 3
minutes cracking, 2=1/2 minutes burn off, and 1/2 minute purge.

The reactors were designed to operate at fuel flow
rates from N.8 to 2.5 1lbs per hour.

4.2.1.2 Control

A control system was constructed which measured the
amount of fuel fed to the reactors during the purge and crack
cycles and utilized this signal to control the amount of air
admitted during the Lurn-off cycle. The reactcrs are equipped
with automatic seguencing valves to direct prodiacts and react-
ants through the system. Details of this control system are

*A complete mass and energy balance for this process is given
in the appendix, Section Al.
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4.2.1.2 cCont.

presented in section 4.4 System Integration.

4.2.1.3 Product Purification

The reactor product hydrogen contains two classes of
impurities, impurities present in thc hydrocarbon feed stcck
and impurities resulting from the regenerative cracking pro-
cess. Typical feed stock impurities are sulfur and lead.
Product gas i.apurities are carbon monoxide, carbon dioxide,
methane and carbon dust.

Of the impurities listed above, carbon dioxide and
methane are harmless to the fuel cell operation and therefore
require no treatment. Techniques were developed under this
program for the removal or control of the remaining listed
impurities resulting in a product stream suitable as fuei for
the phosphoric acid fuel cell.

A flow schematic of the thermal cracker, fuel cell
system is shown in Fig. 1l1l.
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4.2.2 cracker Catalyst Evaluation

Several catalysts were investigated with the obje~tive
to determine the activity as defined by conversion of hydro-
carbon fuel into gaseous products and the selectivity as defined
by the hydrogen content in the gaseous products. The following
types of catalyst were tested: Platinum on alumina, nickel on
alumina, nickel on ceramics, metallic nickel and inconel.

Initial catalyst screening tests were conducted in
a small inconel test reactor containing a catalyst charge of
approximately 450 ml. The reactor was heated electrically to
8270-900°C and operated at atmospheric pressure. Fuel ("BpP"
regular gasoline) was added so that the weight hourly space
velocity {(WHSV) varied between 0.2 and 1. The duration of
fuel admission was 3 minutes- the duration of burn-off was
1.5 minutes resulting in a 4.5 minute cycle. The total gaseous

product was measured and samples were analyzed by means of
infrared spectrophctometry.

E
;
:
;

oo

e > S

The data of these tests are given in Table 6. These
results indicate no advantage is gained throngh the use of
platinum catalysts in the thermal cracker. Solid metallic
nickel in form of chipe appears to be suitable for this opera-
tion. Conversion in these tests was low, apparently because ;
of the particular bed configuration used for screening of !j
1 catalysts. P

Catalyst testing was also conducted in full size thermal crac-
kXers and the results of the screening tests were verified (see
Thermal Cracker Testing Summary Tables 10 to 17, Appendix A~II).
Metallic nickel was chosen as the cracking catalyst for the
breadboard system.
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4,2.2 Cont.

TABLE ©
Evaluation of Catalysts for Thermal Cracker

i Percent Product Bnalysis
! Catalyst WHSV Conversion co CHy Ho** -
0.5% Pt 1/8"A1,0;Pellets 0.41 27 18 .2 81l.8
: 0.5% Pt 1/8"Al,C,Spheres 0.45 22 - 24 76.0
| 0.5% Pt on Al,0; Spheres 0.40 48 6.0 5.5 B88.5
‘ C-54383 0.62 20
0.95 59
0.9% Pt on Al,O03 Spheres 0.45 40 - 1.3 98.7
(same after use for 37hrs)0.67 31
1.03 50
20% Ni on Al,05 0.41 0 7.5%%% 34 58.5
C-5582 0.62 0
0.95 41
1.45 44
20% Ni on Al,0; 0.39 18
C-5581
Raschig rings coated 0.28 2 2.8 14,2 83
with Ni 0.47 35
Ni chips 3/8"x3/4"x1/16" 0.3% 30 - 8 92
Bent to form tube 0.23 33 - 10.5 89.5
0.19 15
0.44 50
0.66 58 .3 13 86.7
Nickel chips 0.19 15
(same after use for 20 0.23 37
hrs) 0.66 57
Mixture of Inconel 0.23 0 2.9 32.92 55.1
and MNorton Rings C.3% 21

*Conversion hased on theory for 100% conversion to H, and using
Cg fuel.

** i, by difference

*HRCO,




4.2.2 Cont.

Testing conducted in full size reactors revealed two
problem areas with metallic nickel catalysts:

A. It was observed that when nickel or Inconel are used
as catalyst with no dilution with inerts, plugging of the
catalyst bed occurs. Puel contacting the pure nickel is al-
most centirely cracked to carbon in a relatively short section
of the catalyst bed. During subsequent burn-~-off a high towm-
perature zone devalops where the most carbon was deposited
and can cause the nickel to melt and agglomorate.

B. The nickel oxidizes during the burn-off cycle. The
oxidation rate incrcases rapidly with an increase in catalyst
operating temperature. The nickel oxide reacts with the
lydrogen produced during the fuel cycle and produces undesir—
able water and carbon monoxide. Becausc carbon monoxide is

an inhibitor for the fuel cell catalyst, the product gas strecam
must be methanated to remove CO by converting it to CHa. For
every mole of CC reacted, three moles of hydrogen are recacted
and are lost. In addition, it was found that the catelyst
nceded a certain "initiation time" before reaching a satisfac-
tory activity. The initiation period was 20 to 30 hours. The
reasons far this are that with time, due to nickel migraticn,
a layer of rnickel is deposited on the alwnina dilucnt. Chser-
vation of uscd alumina Raschigs preved the nickel idgration
theory.

In order to climinate plugging as described in A
above, further experimentation was performed using as catalyst
1/4" nickelRaschig rings diluted with 5/16" OD x 5/16" Lg x
1/8" Dia Bore, SA=-103 Norton Alumina Raschig Rings. Addition-
ally, in ocder to deposit the carbon uniformly over the entire
length of the catalyst bed, and in this manner avoid hot spots
during the burn-off cycle, the concentration of nickel is the
lowest at the inlet of the catal yst bed and increases gradually
towards the outlet of the catalyst bed. The best results were
obtalned when the catalyst bed concisted of 5 evenly spaced
layers starting at the inlet: The 1zt laver of 5% Ni, the 2nd
of 108 Wi, the 3rd of 154 Ni, the 4th of 200 Ni, and the 5th
of 30% Ni. Fig. 12.
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4.2.2 Cont.

Th=2 nickel catalyst proved to be an excessent catalyst
for cracking hydrocarbon fuels o hydrocen and carbon. Diluted
with alumina in a manner described above, it performed without
plugging and without hot spots. No decrease in catalyst activ-
ity was observed after 80 hours of operation.
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4,2.3 Cracker Material of Construction

Inconel 600 was used as construction materieal ia the
manufacture of all crackers. Inconel 800 pioved to be a satis-
factory matericl for cracker construction. However, even more
superior performance is claimed by the manufacturer for
Inconel 601.

In order to further evaiuate materials of construction
three rods of Inconel 600, Inconel €01 and Incoloy 800 were
tack—vzlded alcng the entire lendgths of the cracking chambers
of inctial reactors. After reactor disassembly, the rods
showed no damage or difference in physical appearance by visual
inspection.

Due to the numbher of crackers tested in this investi-
gation, it was not possible to perform a life test on any single
design. The longest operating times were upproxXimately 80 hrs
on reactor No. 8, and 8C hours on reactor No. 9. Aaftexr thesec
80 hours of operation 1o visible mechanical defects could be
detected on either of these two reactors.
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4.2.4 Thermal Cracker Vessel Design

Testing was performed on tnree basic reactor config-
urations, straight tube, dip-tube with catalyst in the dip-tube
and dip-tube with catalyst in the annulus.

The dip-tube configuration with catalyst in the
annulus provided the most uniform temperature distribution over
the bed (sce Fig. 12), providing effective catalyst utilization
and resistance to carbon plugging (see Sect. 4.2.5) and "hot-
spotting.” A design with fuel and air flow downward through
the dip-tube and upward through the annulus was employed in
the breadboard system. This flow path allowed a simplified
physical layout of the breadbcard system. The breacboard re-
actor is detailed in Fig. 13 and 14.
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4.2.5 (Carbon Managemeat

In an ideal. thermal cracker, carkon should be de-
posited uniformly within the catalyst bed during the cracking
cycle. Uniform carbon deposition allows maximum catalyst
utilization, prevents localized build-up resulting in carbon
plugging and prevents reactor damage due to "hot spotting" as
described in Sect. 4.2.2. A second consideration is that the
carbon should be of a form that will adhere to the catalyst
bed and not be lost as dust during the cracking or burn=-off |
cycles. Dusting may result in loss of process efficiency and !
may cause valve leakage oxr fuel cell damage if any carryover
is allowed.

4.2.5.1 Carbon Build-Up

Initial testing with straight tube an<d early dip-tube
reactors produced frequent cases of carbon build-up significant
H enough to cause reactor plugging. To investigate this phenom-
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enon two testing procedures were used.

A. A straiaht tube reactor was deliberately plugged
hy subjecting it to an extended cracking cycle. The

reactor was then cut apart for inspection to deter-
mine location and nature of the plugging.

Carbon deposition and plugging started to occur
approximately 1/2" from the start of the nickel
catalyst and continued for another 4 or 5 inches.

A substantial amount of nickel and inconel Raschigs
were melted and agglomorated together with carbon
into one mass. This caused the entire catalyst bed
to settle approximately 2-1/4",

B. 2All subsequent reactor tests were fitted with
manometers to allow observation of pressure drop
across the catalyst bed. An increase in pressure
drop in the course of several burn-off cycles was
a direct indication that cumulative plugging con-
ditions were present.

These tests showed that plugging was principally a
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4.2.5.1 Cont.

function of both oxygen-carbon ratio and catalyst activity.
In all reactors in which reasonably hamogeneous temperature
gradients were maincained, and in which alumina diluted
catalysts were employed, no tendency Lo plug was observed
at oxygen to carbon ratios of greater than i1.6. In reactors
operating with high activity catalysts plugging, occurred

in the first few inches of the catalyst bed indicating that
the cracking rcaction was occuring only in this region. A% 2
a result, subsequent reactors were constructed with catalyst .
beds employing an alumina diluent. EXxtreme temperature
gradients across the catalyst bed similarly caused plugging
by producing areas of high activity (hot zones). Acceptable
temperature gradients were achieved by redesign of the dip-
tube reactor to incorporate the catalyst in the annulus,
rather than in the dip-tube. Due to higher heat losses and
4 shorter heat transfer path ol the catalyst bed, the dip--tube
- reactor with the catalyst in thc annulus, will perform at
lower, more uniform temperatures.
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The dip-tube reactors of this type operated success-—
fully in the breadboard system ot fuel rates from 0.8 lbs/hr
to 2.5 lbs/hr and at an oxygen to carbon ratio of 1.6 without
plugging,

4.2.5.2 Carbon Dusting

Initial thermal cracker testing revealed that approx-
imately 3~4% of the carbon formed was being lost in the form
of a fine dust carried out in the hydrogen product stream.
While this amount would not significantly affect the mass and
cnorgy balance il is detrimental to operation of the hydrogen
control and purification ancilliaries and the fuel cell.
Because of the quantity of carbon involved a carbon filter
would not bhe acceptable for extended missions. As a result,

techniques to eliminate carbon release from the reactor were
investigated.

An internal carbon filter was abandoned when in the
course of testing it was discovered that carbon dusting did not
occur at cracker operating temperatures below 1600°F. As a
result, the use of the dip~tube reactor with catalyst in the
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annulus permits operation at peak terperatures below 1600°F and
carbon dusting is eliminated.

Because of the possibility of some carbon carryover
in the event of a malfunction, a small carbon filter was in-
corporated into the design of the advanced development model
power plant.
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4.2.6 Thermal Cracker Start-Up

The purchase description calls for a system start-up
time of 15 minutes in a ~25°F ambient. Jdeally the cracker
gshould be capable of a more rapid start=~up as a portion of the
heat produced may be used for fuel cell heating (sez Section
4.4.2).

Far cracker start-up, fuel and air are simultan-
eously introduced into the cracking chambhers through the nor-
mal flow paths. Combustion is initiated by a Pt/Rh ignitor
(see Section 4.2.7). Fuel flow is controlled to 2.5 lbs/hr
to each reactor by the Fuel Pump Rate Controllers set to the
purge rate (sece Section 4.4.1.3). The cracker air blower is
operated on the high speed winding delivering approximately
800 scfh to each reactor. A temperature over-ride shuts off
blower and pumps when operating temperature is attained.

Use of this start-up system ir conjunction with the
ignitor described in Section 4.2.7, resulted in typical cracker
gtart-up times of approximately 12 minutes for the breadboard
system. Start-up times as low as 8 minutes were recorded.
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4.2.7 JIgnitor

The function of the ignitor is to initiate combustion
of the air and fuel during start-up. Initially an external
burner was tested but abandoned in favor of an ignitor installed
within the cracker vessel with cambustion occurring occurring
within the cracking chamber.

Preliminary testing was conducted with a commercially
avallable gasocline burner {Hauck Co. Model WHD-11l) both in
standard and modified form. This unit was unsatisfactory for
cracker start-up for the following reasons: The burner flame
was not stable against cracker back pressure, the burner would
not start without pre-vaporization of fuel and the bLurner size
and weight were ex)cessive.

An electrically heated catalyst bed within the reactor
vessel was then designed and tested. 1Ignition was achieved by
this method but sta.t-up times were excessive.

In the course of this testing it was discovered that
ignition was not occurring on the catalyst bed but on tle plat-
inwn/rhodium heating element itself., As a result tne ignitor
incorporated in the breadboard system and specificd for the
ADM consists of a platinum/rhodium wire coiled on a ceramic
tube and equipped with suitable electrical leads. The ignitors
in the breadboard reactors were mounted on the bottom of the
reartor directly at the dip-tube exit. In operation ignition
started on the heated ignitor coil. Once conbustion was
achieved the flame zone was stable and the ignitor could be
turned off.

Testing of the breadboard system resulted in cracker
start-up times in the range of 11-15 minutes using compat
gasoline ad JP-4. Power to the ignitor coil was 156 watts
for one minute., The ignitor is shown in Fig. 15.
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4.2.8 Valve Design

For the selected AIM design, each thermal cracker
requires three valves for air in, air out, and product out.
The requirements for each of these valves vary considerably
and are summarized below. No inlet fuel valve was required
due to the nature of the fuel injection system employed.

Valve Requirements
Air In Low pressure drop at high air f£low
(start-up 800-1000 scfh)

Ambient temperature.

Ailr Out Low pressure drop at high air flow.
900°F operation.

Product Out Pressure drop not critical.

Flow approx. 80 scfh 700°F operation
preferred, however lower temperature
cveration can be provided by cooling
the cracker product stream,

In addition to these specific requirements, all
valves should be light weight, have low leakage, require low
power for actuation and meet the requirements of the purchase
description.

Initially a vendor survey was conducted to determine
the suitability of commercially available valves. No valves
were found that were suitable for the high temperature, air out
stream without imposing severe pressure drop or weight penalties.
As a result, the design of special valves was initiated.

Development included both the valves and the valve
actuator mechanism. The operator chosen was a cam rack driven
by an electric motor. This method has the advantage of requir-
ing a single, low power motor for actuation. A valve config-
uration similar to automobile combustion chamber valves was
chosen. This configuration has proven to be capable of
operating at high temperatures and is easily integrated with
a cam type operator. The valve used for hreadboard testing
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4.2.8 Cont.
(Fig. 16) has the following characteristics:

Configuration Push to open, plug and seat
valve with spring closure.

Construction Fabricated all welded construction.

Material of construction 316 Stainless Steel

I TR

: Leakage Approx. 0.025 scfh at 2.5 psig
and 1000°F.

DPressure drop 1.7" H,0 at ambieni temperature
and 325 scfh air.

L IR LT

The valve design specified for the advanced develop-
ment. model design employs a cast body due to difficulties
encountered with warpage during welding of the breadboard reactor
valves.

JURTSTT

Product out valves in all breadbeoard testing were
manufactured by Clippard Instrument Control. As the maximum
operating temperature of these valves is 400°F, a hydrogen
cooler consisting of a 12 inch length of 3/8 in. 0.D. stainless
steel tubing was installed between the thermal crackers and
product out valves. This arrangement gave satisfactory service
in all breadboard testing and has been retained in the ADM design. i
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4.2.9 Valve Testing

Prior to installation on the breadboard thermal
crackers, the air-in and air-out valves were leak-tested at
both ambient and high temperature.

Three models of the same basic configuration were
constructed. The purpose of the first model was to test ade-
quacy of packing, to test operation at high temperature, to
determine seat leakage, and to check integration of the valve
and cam operator. A source of nitrogen at 2.5-3.0 psig
(approximdte cracker operating pressure) was connected to the
valve. The valve was operated by the cam for a total of 24
hours at a rate of 1 cycle/minute. At the end of this time,
leakage across the seat was measured at 0.021 scfh. Leakage
through the packing was checked by applying a leak detecting
fluid. No bubbhles were visible. The method of testing is
illustrated in Fig. 16. Only light finger tightening of the
packing nut wag necessary. The packing consisted of a modi-
fied Conax Corp., Model PG-2 packing gland. The modification
utilized two teflon packing rings instead of one as is stan-
dard (refer to Fig. 18).

The second phase of testing on this valve was opera-
tion at higli temperature. Ailr at a flowrate of 200 scfh was
heated to 1000°F. This was done by adding hydrogen to air and
then catalytically dombining the hydrogen and oxygen in an
Engelhard Model '"D" Deoxo purifier containing a precious metal
catalyst., The reuction is exothermic thus, in an insulated
vessel, the outlet 2 » temperature is proportional to the
hydrogen added. Approximately 6% by volume hydrogen is re-
guired to achieve a temperature of 1000°F. fThe valve was
opcrated for 6 hours at 1 cycla/minute. Duiing this time the
valve operated satisfactorily and the packing area was only
warm to the touch. Seat leakace was nct measured guantita-
tively during this test. Duriny that protion of the cycle in
which the valve was closed, the tubing connected to the valve
outlet was placed in a beaker of water. The rate a: which
Lubbles e -aped did not appear to excesd the rate measured at
ambient tewmperature as previously descriuvcd. The method of
testing 1s illustrated on Fiy. 17.

The second model was constructed of thin wall tube
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4.2.9 Cont.

in order to minimize weight. The leak rates across the seats
were excessive due to warpage from welding. The warpage was
particularly evident in the bonnet. The packing, which is

part of the bonnet provides alignment of the stem in the valve.
Thus, it is evident that warpage will affect the leak cate
across the seat.

Based on this experience an improved and finai model
(Fig. 18) was designed that was incorporated on the breadhwara.
Improvements over previous models are listed below:

A. Body wall thickness was increased to 0.120",

B. Two welds were eliminated in the body to bhonnet
connection by machining the bonnet and cover fiom
one piece.

C. Bonnet wall thickness was increased to 0.052".
D. Valves were stress relieved after welding,.
E. Valve seats were honed.

F. A stem centerinyg guide was added to compensate.
for warpage (see detail E, Fig. 18).

G. A stem twisting mechanism was added to aid in
seating the plug.

H. Beroguip Corp. J13 gasketless joints were installed
to provide 4 quick removal capability from the
crackers for inspection and servicing if necessary.

Improvements A - D were incorporated to reduce warp-
age due to welding.

These valves proved satisfactory in over seventy hours
of breadhcard system operation. Difficulties, however, were
cncountered in maintaining aligmmnent between the cam followers
and the valve stems. This problem area has been eliminated in
the 2Dl design by making the four valves in a single casting
and mounting the cam operator directly on this casting.,

Iy I

b St Vo T8 e s i Al reat

b

L e bl

okt ] e

o e el Ll




-C

.-.,w.ﬂ,.l.fN L

Lol 0.\ !h oy
[TV R-R Y] AKX N DS N=ey .wua,ueu.r 4

[T SRS

.
g

"R mma B
AL, Tb g

ave e

IR S
[ N

B 1 YT IS Ko e } H .
ﬂ . . ! e :
J S TSNS VC AT T SATRT TR | R £
! ARt i T e K Sl T 1§ T ‘ '
: Lo | -

/
N hey \ﬁ
™% Ql A ¥ - 4

Jyi

i
'y
Toazay] TR pe eoima amas et erel: R ~¥ _, .
WELESD Sty vese el W O } .
- Y NS ‘ i
S % it e ulll.? - g
L b ; 4 ‘ . ﬁ; §oorve iy s,
EHaNE N 8L o g ! v'\ o 3 - § FTHT PO D)
BT g ake BMEIS HAEY Bren 08 G WveA ra e ~—— N “ Pt ;
Givtion A g L e D B TR L P ! e /.J o P /
WAL ATTT YV B i ey 8 LIRS | - Bl { =
3 Ba¥ RO B 3V H P SA L~ N L
SOF BAIITTBRE RN RS BRI B BT L S AU - R s e . ;
SRR L 15 A Lo i { { . MANe-§ W A | CUNT LA e
[TV BT I B85 v DA S0 e witey * L& iy
g < . w&: vrY Y \

«aT —r (8 tN\M : ..«4% e e e
TN T TR
\\ e .w(J e u...r.h;;.hu »w...
Pl Ve
e e
\ i ey v,
w \ s 7
IC
H - o

st e g Y SF L

mf.q. ’ ‘.\w!{i“yu:"-.-

N i = TR R 2 BRI A AP TR, WA D SR SR e T

e et e e e i o . B -
= - m——y
T T i |
. . -5 e , i
AR & omh
- Jln s Y oM TN { /,irA
\ =7 s ™ 4 W 3
| /».-«ctvltn —J\. ) ' .t
i Mo 0 i e D
oAVt o6 40N (%er 58 K350 WUDRDVINS y Ve NI g
" ave worLaw e s | say , ; . \w
- . -
Wittt v otiuedTe S 4 UL (32ET WV WL RN !
Y o LI SO G+ DYy V.Jv N ». Y
Pt SR Lt g AP S vt Sy
Il 7 G oA i U 8 L3
PR AT TE T = NI S Sl A B | ..C&,I-..
Tty reamant 1K
- L aamem e R O S
A% D S ha s Gurals We 29D . i, NTRE D i
Chwg T eamt Y OB I AL P S Y S :
asiw e A BV ST B AT AR R o LD | 3
. . - ! e o
VLJ.T.(.s:w AR I e . 5
e . N . Ve (8751 /_ *
Phien e e A2A *'w. [ AT ean - Af .
[P 1 4 ﬂ \\ .
LR Durr- S %' f
i




R AT T W

1Y

4.2.10 Vvalve Drive

Sequencing and actuation of the cracker valves on the
breadboard system was accumplished by means of a motor driven
cam rack controlled by a cam timer. The timing sequence and
valve configurations used are shown in drawing Fig. 19. The
cam timer consists of four cams rotating at 1/6 RPM. Each cam
activates a microswitch with each switch corresponding to one
of the four running cam positions shown in Fig. 19{0°, 72°,
144°, 216°). When the timer calls for a new valve configura-
tion, the valve drive cam rack is indexed to the proper position.
The time required to index between two positions is approx-
imately one quarter of a second. Dynamic braking was employed
to prevent over-run. Slow lift rapid closure cam profiles
were employed to actuate the air valves. This configuration
reduces the valve drive power requirement and helps ensure
positive valve seating.

In addition to actuating the cracker valves the cam
rack also actuated the sequencing switches for the fuel-air
control system. On the breadboard system the cams were cut
only for the four "run" valve ccndigurations. The start-up
valve configuration being obtzined by manual over-ride.
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4.2.11 CTreatment of Cracker Product Gas For Removal of

Lead and Sulfur

Combat gasoline containege 0.05 to 0.1 wt. % of sulfur
and 2.11 to 3.17 g of lead per gallon. In addition the con-
tent of scavengers for lead may be up to 1% Cl as ethylene
dichloride, 0.5% bromine as ethylbromide, and 0.3% P as tri-
cresylphosphate to yield a total quantity theoretically
adequate for lead scavenging.

JP-4 fuel, according to Mil Spec T5624G, may contain
a maximum of 0.4 wt. % of sulfur whereas mercaptan sulfur is
allowed to be 0.01% maxXimum.

The combat gasnline used in our experimental work
contained 769.1 ppm S and 717.2 ppm Pbh; the UP-4 employed
contained 8.2 ppm Pb and 2.1 ppm S.

No appreciable quantities of Pb or S can be allowed
to be present in the product gas fed to the fuel cell anode
to avoid inhibition of the anode catalyst. Product gas from
the cracker exhibited only a low sulfur content, (apparently
in the form of H,S8), under the condition of operation. 1In one
caze the S-lecvel between the thermal cracker and the methana-
tor was 22 ppm and O ppm after the methanator:; in a second test,
the gas contained 90 ppm of S upstream and about 50 ppm down-
stream of the methanator. In the latter case the c¢racker had
been operated on conbat gasoline with a fuel flow of 1.5 lbs/hr.
The reactor skin temperature was 1550°F and the methanator
temperature was 780°F. The methanator contained 1.62 lbs of
Girdler catalyst G65RS which contains 25% of Ni. fThe residual
50 ppm H,S had no adverse effect on the anode catalyst during
this testing. It appears that an additional 2n0O filter should
he employed to protect the fuel cell. Assuming a maximum of
100 ppm of sulfur in the gas as an upper level, in 1000 hours
about 150 g of sulfur would have to be retained, which could
be achieved with a cartridge containing one pound of Zno. This
filter should be installed as a replaceable cartridge upstream
from the methanator.

Regarding the influcnce of lead in combat gasoline,
no adverse effects have been observed in our runs. Tetraecthyl

lead is thermally unstable. ITts decomposition in admixture
with hydrocarbon fuels has been repeatedly studied, and the
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4.2.11 Cont.

use of a thermal treatment for removel of lead from gasoline
3 has even been patented (U.S. 2,470,634). Upon rapid heating
of gasoline to temperatures of 750-850°F, lead was essentially 2
removed in the form of metallic lead, lead sultide and lead - =
bromide (the percentages in this particular case being 23.7,
71 and 2.4 per cent respectively). Hence, under the condi-
tions of thermal cracking, no gaseous form of lead is expected
in the product gas. Only lead in particulate form would leave
the cracker, but would be retained by the sulfur filter or by
the methanator.

In the use of combat gasoline at a rate of about 2.2
1bs per hour as required for the operation of the 1.75 kw system,
] about 1 g of lead per hour as metal or in the form of compounds
= will be thermally generated in a zone of the cracker at wnhich
: the temperatures are still below cracking temperatures. As
stated above, in our runs no adverse effect of lead uas been
observed. The formation of lead bearing deposits may, however, :
cause problems over the long periods of time by causing an i
increase in pressure drop or by interfering with the action of i
the cracking catalyst. This subject regquires further study, i
which should be carried out in bPhase II of this program. !
Several alternates should be considered, e.g. designing a
thermal decomposition zone which can be periodically cleaned,
or development of lead removal filter cartridges from the gas-~
oline such as described in U. S. patents 2,368,201;: 2,369,124;
2,390,988; 2,392,846; 2,745,793,

FOOTNOTE :

H,S Analysis

In the thermal cracking of hydrocarbon fuels, the
principal p-oduct of the thermal cracking operation is hydro-
gen. Therefore., the major sulfur compound present in the
gaseous product will be hydrcgen sulfide. Using the method
described in "Cac Analysis" by Altieri, p. 347, the H.S con-
centration in the gaseous product obtained in our screening
program for catalyst was found to be approximately 25 ppm.
Thic H,S level found in our laboratory tests resulted from use
of regular gasoline.

In order to ascertain that all sulfur in the gaseous
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FOOTNOTE: Cont.

product was determined, a procedure was developed to analyze
the product gas for total sulfur content. The analysis was
performed bymixing the product gas with approximately

75-80% air. This mixture was then passed cver platinum gauze
at a temperature of 700°C. The oxidized sulfur was then scrub-
bed out with dilute hydrogen peroxide solution. This solution
was then acidimetrically titrated to determine per cent sulfur.
The level of detection for this analysis is felt to be 2-3

wpm S.

Samples from actual thermal cracker runs were analyzed

by this method. The results have been stated in the preceding
cection. Essentially, the sulfur is present as H,S.
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4.2.12 cCarbon Monoxide Control

Excessive concentrations of carbon monoxide, greater
than 1%, in the hydrogen stream will impair fuel cell effici-
ency through inhibition of the anode catalyst. Two common
methods of carbon monoxide control are available, shift con-

veraion and selective methanation. These reactions are shown
below.

shift Conversion CO + H,0

]

CO, + H.

Methanation CO + 3H,

]

CH,y + H,0

On the surface it appears that shift conversion is
the ideal carbon monnxide removal process due to the hydrogen
gained. Shift conversion, however, was not investigated in
this program due to four significant drawbacks.

1. The cracker product stream contains inadequate water
for the reaction. An "“on board" water addition

syetem wae ruled out due to constraints of low
temperature operation.

2. Available shift convertor catalysts are highly
sulfur sensitive.

3. The shift reaction is temperature critical re-
quiring close temperature control.

4. Large volumes of catalyst are required for the
shift reaction.

As a result methanation was the chosen method of CO
removal.

A methanator was tested to determine the efficiency
and consequently the quantity of catalyst required. The meth-
anator was charged with 1.6 pounds of nickel catalyst cylin-
ders, 3/16" nominal size. This is a pre-reduced and stabil-

ized nickel oxide catalyst with a recommended operating
temperature range of 400-900°p,

An electyic heating element was placed around the
ahove mentioned methanator and the vessel wiis ingulated with

a one inch thickness of Babcock & Wilcox Company, Kaowool
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4.2.12 Cont.

blanket. The heating element was connected in geries with a
variable resistor so that the power to the heatey and co-
sequently the operating temperature of the methanator could
be varied. Analysis of the methanator exit gas by both infra-
red and chromatograph revealed no carbon monoxide at inlet

concentrations up to 12.0%. The data are tabulated in Table
No. 87.

These results led to the design of a smaller methan-~
ator combined with the lead and sulfur trap. (Refer to Fig.20)
The methanator portion of the combination vessel contributes
about 1.5 pounds to the system weight.,

The combined lead and sulfur trap and methantor is
positioned between the two thermal crackers, vtilizing space
that would nct otherwise be used. NoO electric heaters are
necessary as the close proximity to the reactors, and the
"fin" shape provides excellent heat transfer by radiation.
Cperating temperature is not critical as borne out by excell-
ent performance over the range of 420~900°F nf the methanator
described in Table 7. Radiation heat tranufer experiments
predicted an overall heat transfer coefficient to be
6 Btu/hr/ftZ/°F. The heat-~up time for the unit is calculated
to beo 12 minutes.
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TABLE No. 7

Summary of Methanator Performance

(Space Velocity 2000 Hrs'l)

e TN . A T RS TP I E I B et sy T TN ST DT PAARR N THFRNDINS

Methanator Percent Carbon Monoxide
Run No. Temperature { °F) Upstream Downstream
42 620 5.2 Zero
43 420 1.25 "
44 780 5.0 "
50 580 7.5 "
50 580 8.0 "
52A 75C - 930 12.0 "
E H 52 " 11.0 "
3
P 522 Y 6.2 "
-
g 52A " 3.1 "
- ¥
|
E g 52A " 1.7 n
{ é [ o4 " "
i 52A 0.8
52A " 0.6 "
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4.2.13 Hydrogen Filter

Carbon carryover is prevented in the ADM design by
operating the thermal crackers below 1600° wall temperature
(see Section 4.2.5). However, a small lightweight filter is
incorporated for protection of the hydrogen flow components
should a malfunction occur in the thermal crackers. Two such

filters, ore dQownstream of each reactor are provided in the
ADM design.
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4.2.14 Cracker Air Rlower

The cracker air blower must be capable of satisfying
the following two flow conditions based on the design pressure
drop of the Advanced Development Model Design.

AT o

Flow A D i
Start-up* 1800 scfh 20 in H,0
Run 360 scfh 10 in H,0

*Both reactors starting simultaneously.

Instrumentation and piping losses unique to the
breadboard cystom required a blower capable of developing .
approximately 4 psi at thc above flow rates.

. 'or the breadboard a Dresser Industries, Kkoots type;
: Model 1701, positive displacement blower was sgelected. This

| blower was driven by a RAE Model 7873, 24 VDC permanent magnet
i motor. Air flow tc the thermal cracker could be controlled
by varying motor voltage.

i For the ADM Design a thin wheel, vadial blade,

{ contrifugal blower was selected (IMC Magnetics Model

! BC-24-29B*.) Two speed operation is provided by a dual wind-
| ing in the integral motor. This unit is available to the

; appropriate military specifications.
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4.3 Power Conditioner

4.3.1 Background - Requlator Types

An investigation of power ccnditioning schemes has
shown that three possible regulatory arrangements are feasible:

A seriesg, step-up, or step-down regula‘or. These are shown
schematically in Fig. 21.

In the series regulator, (!}, the voltage of the fuel
cell is useu to power the operating load as well as the load
terminals of the unit. The difference between the voltage pro-
duced by the cell and that desired at the load terminals is
absorbed by transistor Q,. This type regulator has no ripple,
has excellent regulation, and has no radio interference. The
circuitry is simple and straightforward and can be made very
reliable. A disadvantage is low efficiency due to the high

pow2r lost in the series transistor (Ql) which operates as a
rheostat.

The switching regulators each offer improved effi-
‘iency over the series type. ’

The step-up regulator (B) functions by switching
inductor L, from a parallel to series connection with the output
of the fuel cell. In the step-up regulator the continuous
current which flows from the fuel cell and in the inductor Lj
is greater than the load current by the ratio E;/Ec + Loss.
During the time transistor Q, is switched into conduction, all
of the fuel cell current passes only through the inductor, and
the load current is entirely supplied by capacitor C.

When Q- is non-—conducting thc current supplied by
the fuel cell and L) divides, with a portion going to the load
and the remainder recharging Cj;. The load voltage E; is con-
trolled by the switching interval of transistor Q. such that

the boost voltage gene-ated is related to the conductior of
Q. by the approximate ratio:

EL - EC = QZ on time
EC‘ Q:;' Off tiﬂe

At 50 to 60 amperes this circuit requires a large
value for C; and imposes ripple currents on C; which are greater
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4.3.1 Ccont..

than the load currents. This mode of operation greatly increases
capacitor failure rate,

The step-down regulator (C) operates by pariodically
connecting the fuel cell to the filter L,C,. Curreut from the )
fuel cell flows in pulses. The average current is equal to the g
load current and the percentage on time equals the percentage
reduction in fuel cell voltage to load ‘oltage (neglecting
losses).

To compare the merits of the three electronic regu-
latory schemes, they were examined in relation to actual fuel
cell operation.

The operating load (parasitic power) including battery
charging power requires 115 watts of power which will be provided
at an overall efficiency of 75%, representing a constant load
of 150 watts on the fuel cell, regardless of the electrical load
on the overall unit.

ALELL Ba L0 0

Wrhen the fuel cell is designed to operate into a

i series regulator circuit then the cell must deliver at least
35 volts to provide 34 volts at the load terminals under "end
of life" conditions and allow a 1 volt drop in the regulator
circuit. In the series regulator the full load current is
imposed on the fuel cell. In the design for a full load current
density of 150 ASF at the 26 volt, 57.8 amperes, 1.5 KVA rated
output, including the 150 watt opsrating load, and at the same
time requiring that the cell achieve 35 volts at the 34 volt,
48.6 ampere, 1.65 KVA load, at "end of life" conditions, it s
determined that the fnel cell stack must consist of at least
53 cells. These 53 cells have an equivalent circuit of a 48
volt battery with a 0.16 ohm interval resistance under "new"
conditions. Their internal resistance increases to 0.23 ohm
at "end of life" conditions.
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The total electrical power loss of the energy de-—
veloped by the cell stack lies in three categories:

Ll Bt R

Auxiliary power
I,R loss in fuel cell stack
Regulator losscs.

0w E
!




TR ST AT TIRTNT. [ (. g T 7 B0 1 e T

Ty

4.3.1 Cont.

These losses are plotted in Fig. 22, and added to
indicate that the series regulator loses a total of 670 watts
powering a 34 volt, 1.5 KVA load and 1290 watts with . 26 volt
rated load.

The switching regulators have power losses charac-
terized by the relationship:

PSV‘!= PO + 1 % IZL RR

where Pgy = Total regulator loss
Py = 40 watts operating circuit pcwer
including traasistor drive
1 x I = transistor and diode loss of
1 volt a2t load current, IL
RR = circuit wiring resistance including

ammeter shunt

When the same fuel cell stack designed for the series
regulator is used for the step-down switching regulator, a
marked reduction in power loss with load is achieved. This
comes not only from the higher efficiency of the regulator but
also from a reduction in the I%R loss in the fuel cell. When
the regulator is producing rated load at less than fuel ce’l
stack voltage, the regulator will cycle to connect the cell to
the load only part of the time. The I2R loss :in the cell is
reduced in direct proportion to the cycle time.

This results in a slightl. increase in total power
losses at the lower voltaje outputs. The step-~down regulatocr-
fuel cell combination has a total power consumption of 600 watts
at the 34 volt, 1.5 KVa output and 730 watts at the 26 volt
1.5 KVA output as in Table 83

TABLE 8
Reqgqulator Power vs Load
3 V. 1.5 KVA 26 V. 1.5 KVA
huxiliary Power 150 150
Ccll IZR Loss (new) 305 382
Regulator 145 198
Total 600 watts 730 watts

-6()-
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4.3.1 cont.

Another advantage of a switching type regulator is
that early in the stack life when the stack voltage is high
the regulator takes power from the stack at an average current
density lower than that required by a series regulator. This
reduces fuel consumption of the new unit and also tendg to pro-
long fuel cell life. Studies have shown that the basic cell
decay is reduced by a reduction in current density.

The step-up switching regulator seems to offer ad-
vantages in stack design since fewer cells are regquired and the
manufacturing costs would be legs. Hcwever, current regulation
cannot be achieved without a change in the mode of regulation
from step-up to step-down, since current regulation and ripple
must be achieved at output voltages of 14V or less in the cur-
rent limited mode. This type of step-up regulator is not
considered further due to the circulit complexity.
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4.3.2 Step Down Regulator Design

A more fully developed schematic of a step-down
regulator is illustrated in Fig. 23.

Both the ocutput voltage and current are continuously
sensed. The voltage is regulated to a set value between 26 and
34 volts ul any current up to the limit set on the current ad-
justment. The maximum (100%) current output is a variable
dependent "pon the voltage setting, and is also adjustable down
to 20% maximuo. Once current limiting occurs the terminal
voltage is reduced and the current is regulated until the over-
load region is reached. The overload region occurs at terminal
voltages of less than 14 volts. When the plant is operated at
"overload" an all magnetic circuit breaker is tripped thrcugh a
relay trip coil thereby disconnecting the load froin the plant.

When a battery is connected with cpposite polarity
to the load terminals the regulator rapidly rroceeds from voltage
regulation, to current regulation, to cvericed. As soon as
current limiting is reached, Q4 disconnects the fuel cell from
the load and the LC filter circuit, so that no damaging current
is forced through the cell. Tripping time of the breaker is
less than 10 milliseconds at ali ¢pecified ambient temperatures.
During this time, fault current will buiid up through D3 at a
rate controlled by L3, so it 1s necessary to size D3 with ade-
quate fault current capability (e.g. 1,000 amperes). The cir-
cuit breaker also has conventional current trip coils set at
125% maximum current to serve as a back up in taie event the
"overload" circuit is disabled. .

The 1530 watt design marasitic power load assumed
in this analysis will in a final design require more than the
150 watts indicatecd. The DC energy will be used directly to
power hlcwers, timers, solenoids and temperature control cir-
cuits and any pilot or status lights required for the safe
operation of the unit. 1In addition, a portion of the DC
energy may be inverted to AC required for use by motors and
timing devices.

The advanced development mndel power conditioner
design cmployes silicon switching transistors in a step-~down
regulator to ohtain the required regulation, ripple, no lcad
and current limited operational mode. Thyristors(SCR;s) offer
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4.3.2 cont.

advantage only in current handling capacity and pregent circuit
problems in commutation (turn-off) holding current and rate of
reapplied blecking voltage.

The use of a silicon power transistor as a switching
elenent was enhanced by the availability of a special device
developed by Westinghouse Electric Corporation, Semiconductor
Division. This transistor is designed to have very low voltage
drop in the "on" condition and high current handling capability.

Inasmuch as the power switching transistor is the
most critical element in a switching regulatcr, a breadboard
mockup of the power conditioner output circuit was assembled.
It incorporated the Westinghouse transistor (Westinghouse P/N
1401-0825) and was run into a dummy load from the output of a
prototype fuel cell. Total running time was in excess of 3
weeks continuous operation at current levels approximating the

maximum operating levels proposed for the final design (50 to
60 amperes).

Although the switching transistor was not operated
in a closed-~loop regulator circuit it was run at a rate of 1
kilohertz and a varying duty cycle approximating the type of
service it would see in the final design. On one occasion
during operation, an overload was experienced which faulted
two 60 amperc fuses without resultant damage to the switching
transistor. Measurements made of saturation voltage during

operation at current output levels of 60 ampcres showed a drop
of less than 0.12 volts.

Switching time measurements made at the 60 ampere
level showed a maximum recovery time from saturation of less
than 6 microseconds without the henefit of reversed polarity
drive. Both saturation voltage and switching time were
measured on a Tektronix Model 547 Oscilloscope.
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4.3.3 ADM Power Conditioner Design

The Power Conditioner is designed to meet the func-
tional requirements expressed in the USAMERDC purchase des-
cription of 23 January 1970 and Engelhard Minerals & Chemicals
Corporation technical proposal of 16 April 1970 as amended.

Fig. 24 depicts the power conditioner system in
block diagram form. The power conditioner is basically a series
switching step-down regulator which is operated at a clock rate
of 1 kilohertz and a varying duty cycle. Appropriate circuits
are provided for voltage regulation, current limit and overload.
In addition, current/voltage tracking is provided so that maxi-
mum power cutput is held at the 1.5 kilowatt level throughout
the output voltage range of 26 to 34 volte. Current and
voltage overload functions include over cucrent cutout, over
voltage cutout and under voltage - over current cutout.

An inverter and regulator section furnishes the
operational power necessary to run the varicus functional cir-
cuits of the power conditioner. Voltage regulation and currcnt
protection where required, is provided by inteqrated circuit
regulators.

A battery charger section incorporates hoth current
and voltage regulation and provides a constant current charge
up to a pre~set terminal voltage limit which is temperaturo
corrected. The charge rate is limited to ten percent of the
ampere-hour rating of the battery.

The functional blocks shown in Figure 24, are

detailed in individual drawings which will he described in the
following:

4.3.3.1 Switch

The swit:ch consists of a special silicon power tran-—
sistor manufactured by Westinghouse Electric Corporation. It
was developed to exhibit extremely low Ve (SAT), (typically
0.1 volts at 75 ampercs). It has high coilector current cap--
abilities, (250 amperes) and maintains high current gain at
high current levels, (tyvpically 40 to 80 at 75 amperec). In
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4.3.3.1 Cont.

function the switch transistor switches the output of the fuel
cell to the output fiiter at a rate of 1 kilohertz. The on-
off time ratio is automatically adjusted by the current/voltage
control circuitry so that the integrated output of the Output
Filter remains within the required current and voltage control '
parameters, as described in section 4.4.

D ST, H A T R

4.3.3.2 Output Filter

PP

The output filter is comprised of a commutating diode,
a filter inductor and a filter capacitor. The function of the
output filter is to integrate the variakle duty cycle current
pulses from the switch into a low ripple D.C. voltage at the
; output terminale of the power conditioner. The commutating
diode provides uncirectional current flow through the inductor
to the filter capacitor when the switch opens and the stored
energy in the induactor causes its terminal potentials to re- :
verse. The diode also protect.s the output transistor in the
switch from reverse polarity in the eveat the power conditoner
is improperly connected to a source of reverse potential such as
a battery banXk.

car

e

[ NP

4.3.3.3 Draver

The driver consists of 4 stages, the last twc of
which are a cowplimentary symmetry pair. The driver supplies
drive current tc the switch at a level of approximately S amperes.

oo m o e e A a3

—

The input signal to the driver comes from the
schmitt trigger. The function of the schmitt trigger is to pro-
vide an on-off signal which ig awplified by the driver and ap- :
plied to the cutput stage or switch in order to assure that the
switch is either in saturation or of'f

o s 1 a7 B RSP T T A R AT M e

A 3.8.4 0OKR Gate

L4 8 R Y, W AP oy
et Ao e rm——— O 5 &

The OR gate accepts any of ouar command signals andg :
its output contrcls the schmitt trigger. In «ffect the OR gate :
sclects tlie made of operation of the output swiich, i.e. voltage
limit mode. current limit mode, or overload in addition to sup=
Plying a comutating pulse at the beginning of each millisecond
period.
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4,3.3.5 voltage Intogrator and Current Inteqrator

The voltage integrator and current integrator per-
form similar functions. Input signals come fram vonltage sense
and current limit and consist of DC signals representing output
voltage and current levels. To these signals are added inter-
nally generated synchronous saw-tooth waveforms. The result is
a ramp and pedestal waveform which when fed through the OR gate
is used to control the schmitt trigger.

4.3.3.6 Clock and Discharge

The clock and discharge provides the 1 kilohertz
main time base for the power conditioner. It also discharges
the sawtooth integrator capacitcrs in the voltage and current
integrators at the heginning of cach ! millisecond periog.

4.3.3.7 Voltaage Sense

Voltage sense is a comparator which compares the out-
put voltage of the power conditioner with an internal standard
voltage. Any difference between these potentials generates an
error signal which is amplified and sent to the voltage integ-
rator to control the output of the power conditioner in such a
way as to reduce the difference. Adjustment of the output
voltage of the power conditioner is obtained by means of an
adjustable divider from which the output voltage is sampled.

4.2.3.8 Current Limit

Current limit is a comparator which functions to
provide adjustable, power conditioner output current limit.
In addition a current/voltage tracking function is included so
that the maximum fuel cell power output (product of current and
voltage) remains at the 1.5 kilowatt level throughout the ad-
justable output voltage range of 26 to 34 volts. The output of
the Current Limit is an amplified error signal representing the
difference between the current limit setpoint and the actual
fuel cell power conditioner output current. Wwhen the output
current exceeds the pre-set limit, tne error signal is of such
a polarity and magnitude to cause the current integrator to act
through the OR gate contrclling the schmitt trigger and there-
fore the output current of the power <onditioner.
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4,3.3.9 Current Sense

The current sense is an amplifier which amplifies
the 50 millivolt shunt signal to a usable value for application
in the current limit and overload functions.

v

4.3.3.10 oOverload

g

Overload operatcs to shut down the power conditioner
wnder cortain overload conditions as follows:

4.3.3.10.1 OQver voltage

e T

If the output voltage of the power conditioner should
rise above a pre-~detarmined point which is sceveral volts above
maximum output levei, shut down will occur by means of circuit
preakoer trip and clectronic shutdovm. This over voltage con-
dition may result from ecither over voltage output from the
power conditioncer or through connection of the power conditioner
to a high voltage load guch ag a hattery bank.

s 0 o e i T+t i

é
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4.3.3.10.2 ovoer~-current and Under-Voltage

Undor conditions of heavy loads where the power con- |
' ditioner oporatos dn tho curreanl lindiing modo and power con-
‘ ditioner output terminal voltage drops holow 14 volts, shutdown
! will occur.

4.3.3.,10.3 VPolarity Rovorsal:

Tnuslantancoug polarity rovereal ot tl power condi-
tioner output torminals such as might be caused  / improper
i connectlion to a battory bank load will algo </ .c¢ shutdown.

-

Whon shuidown occurs as in the above-mentioned cascs,
tho wverload indicator light will be activated and it will be
nocunsury to doproas the vesel switch and resel the circalt
Lroakar hofore output from tho powor conditioner can be obtained.
“Thowe phutdown functions aro obtainoed through eloctronic sensing
und are backed up by the normal trip function of the circuit
broakor.
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4.3.3.11 Circuit Breaker

The circuit breaker consists of a three pole com-
panion trip unit which meets the requirements of USAMERDC
drawing 13208E8540 with the exception of the addition of the
third pole which functions as a relay-trip pole operated by
the overload section of the power conditioner. The two poles
in the output lines of the power conditioner enploy conventional
series trip coils. Provisions are made to power the relay +trip
for overload conditions by means of the stored charge in an
electrolytic capacitor which is charged by either the output of
the power conditioner or an internal 15 volt supply., whichever

1S greater.

4.3.3.12 Filter

The RFI filter consists of two enclosed, tubular,
hermetically sealed PI section networks. Attenuation character-
istics are essentially a straight line from 25 db at 14 KHz to
80 db at 150 KHz and greater than 80 db from 1 MHz to 19 GHz
when plctted semi loyg with frequency on the log scale.

The input filter consists of a bypass capacitor which

provides a low impedance path for switching transient spikes to
limit peak voltage acorss the power switching transistor.
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i 4.4.1 Fuel-Air Control System
! 4.4.1.1 Background

: A thermal cracker fuel cell power plant requires a
control system to provide the necessary timing for cracker se-
quencing, valve operation and fuel and air regulation.

|
]

: Two thermal crackers are employed in the mreadboard
! fuel cell power plant. They are operated alternately in purge/
! crack and burn-off modes so that a supply of hydrogen is con~ ;
j stantly available for use in the fuel cell. The basic cracker :
’ cycie is 6 minutes long and consists of 3 modes, namely purge
(30 seconds), crack (3 minutes) and burn-off (2-1/2 minutes :
maximum) . This cycle is shown graphically in Fig. 19. f

In order that the powcr plant system can operate in i
a fuel conservative manner it is necessary to provide a variable !
fuel flow rate which is controlled by the cutput load demand.
This necessitates a controlled burn-off period to estaklish the
proper oxygen-carbon ratio for burn-off. Too little oxygen will
leave excess carbon in th2 reactor and overheating or oxidation
of catalyst.

e s i sk

&1

e

The fuel-air control system used on the breadboard
fuel cell powsor plant is comprised of twe principal functional
elements; the hurn~off air control and the fucl rate controller.
The bhurn-off control is deecigned to provide a crnstant fuel to
burn~off air ratio over a variable fuel rate of from 1 to 3
pounds per hour. The fuel rate controller in turn controls the
fuel flow to the cracker in response tce a demand signal generatod
by the fuel cell.

o bl s

b e i L "

Central to both control elements are the fuel pumps.
The punps used arc inodified Bendix Model #480527. fThe mcdifi-
citiong provide 2 constant fusl ocutpul per pulse. PFuel riow
rate is thercby contrnlled by varying the pulse frequency an?
total mass Llow is detesled by "totuling' the number of pulses
over each complete pumping cycle.

4.4.1.2 Burn Off pir Control

Tho cracker burn off air control system consists of
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4.4.1.2 Cont.

two fuel rate integrators and the comparator and blower motor
control. The fuel rate integrator receives an input signal
from the fuel pump rate controller. The integrator, which is
discharged at the beginning ¢f each purge (and crack) cycle
receives one impulse for each fuel pump plunger stroke. For
each impulse from the pump, a small charge is run into the
integrator capacitor, each incremental charge increasing its
terminal voltage by an adqual amount in such a manner that at
the end of the crack period, the voltage stored i the inte-
grator represents the analog of the total flow through the
pump. During the burn-off period the integrator is discharced
at a constant rate (disintegrate".) This constant discharge
rate then determines how long the blower remains on during
burn-off because discharge time at a constant rate is determined
by total discharge required to reach the pre-set arbitrary
discharge potential.

The comparator and blower motor control accepts thea
signal output from the integrators during their respective
rurn-off period and detecrmines whether the integrator poten-
tial is above the pre-set "shut-off"” potential. When this
potential ic rcached the t-lower is turned of £ by the output
relay thereby providing a burn-off time directly proporticnal
to the totul quantity of fucl pumped during the precceding
purge and crack cycles.

4.4.1.3 Fuel Date Controller:

The fuel rate controller consists of the fuel coll
demand dntector, and two fuel pump rate controllers.

1he fuel cerl Cemand detoector operates ayg a comparas=
tor vith a variable sct point which representes the desired fuel
cell stuck voltuyge. Diffierence between this setpoint and
stack voltage ag sampled irom the last three colls gencerates
an crror gignal which rogulates the fuol puap rato,

The fuel pump rate controller is a variable ratc
inpulso generator which actuates the solenoid coil of the
finol paup elthier at the variable rate as demandoed by the




4.4.1.3 Cont.

fuel cell demand detector, o1 at a predetermined fixed rate as
set by the purge rate control. The purge rate is preset to

a 2-1/2 pount per hour fuel flow rate which is also that fuel
flow rate used during start-up.

1A TR AR AN, SO OND” P nSs CHTY
y
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The overall fuel-air control system is depicted in
block diagram format in Fig. 25. Functional interconnections
for the various control system components are shown in Fig. 26.
Simultaneous sequencing of the control elements and cracker
valves is provided by means of three switches CS1, €82, CS3
) actuated by cams common to the cracker valve drive, Fig. 27.

e

4.4.1.4 Fuel-Air Control System Deavelopment

During development, ti:: fuel-air control system
component.s underwent relativelv minor changes. The system is
shown in blcck diagram in Fig. 25, and the actual switching
relationships related to timing and function changes are shown
in Fig. 26. The switching is accomplished by relays which
arc in turn actuated by cam switches shown in Fig. 27.

i The decoign of the fuel cell demand detector was

f modified to provide a maximum pump pulse rate limit. This was
found to he necegsary because the fucl pumps have a maximum
usablo pulse ratc above which output diminishes and under
large demand signalg nmay cease altogether due to the inahbility
of the piston to xy:spond tc rapid pulses.

The fuel punp rate eontroller wan found to be quitec
atable. It was nocessary, however, to trim the value of the
uni ‘unction charge rate capacitor to provide identical pump
pulpo rates from both pum: rate controllers for identical
aemand dotector signal outputs.

4he fuel rato integrators roguiroed geveral] changos
in the original design. An integrate disable functiocn wao
vrovided so that no intogrator voltage would bo built up during
gLart-up. A pulsed constanl current. integriotor charying cir-
cult was dosiygned to provido lincar operatlon over tho int oy~
rator operating voltaye range (U=06 velts) . Spouclal lovr leskuye
dioders for use in the integrator elreuit woroe incorporatoed to
reduee orroin and incroase sLorsyge Lhwe capability. A mothod
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4.4.1.4 Cont.
was provided to assure integrator discharge during start-up.

Integrator linearity during charge and discharge
cycles was determined to be within one percent and results
were reproducible. At first, integrators were adjusted for an
incremental charge rate of ten millivolts per fuel pump pulse,

however, this was changed to apporoximately 30 millivolts per %

pulse due to the pump output per pulse. "Disintegrate" or 3

constant rate integrator discharge was set. for a rate of 40 ﬁi

millivolts per second. !g

4.4.1.5 TABLE 9 -
Parasitic Power at rull Load §§

Power Duty Avg. Power E
Item Wwatts Cycle % Watts N
Fuel Cell Blower P
High Speed 80 75 67
Low Speec:: 20

Power Conditioaner I Eé

Inc. Battery Charger 236 100 137 -§

Fuel/Air Control System 5 100 5 )

Valve Actuator 35 V.3 .1 -

Fuel Pumps .6 117 7

Central Scquence Timer .75 100 .75

Cracker Burn-offl Blower 75 83 0z

uel Solenoid shut—-Off

. (latching) Negligibilo Negligible

Total 272.5 (I1)
Notes:
)N Power conditioner power consumplion based on average output

voltage of 30v and 8 hr hatiery charge rate.

e
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4.4.1.5 Cont.

B. For some applications with varying load cycles the battery
charger could automatically be deactivated during full
load periods thereby reducing parasitic power at full load
by 24 watts.

C. All fuel consumption and process calculations were based on
end of life single cell voltage of 0,65 volts. When new,
single cell voltage will be approximately 0.70 volts. Be-
cause of the power conditionzrs ability to utilize this
higher source voltage at a correspondingly reduced amperage
while maintaining the same net system output. The gross
fuel cell output has been assumed to be an average of 1750
instead of the 1772.,5 presented above.

4.4.1.6 Overload

The purchase description specifies that the set
shall ke capable of carrying 110 percent of rated load contin-
uously at any voltage within the specified operating range, at
any of the specified environmental conditions and with no
change in cooling requirements, for a period of 1 hour.

All equipnent except the power converter overload
pystem as presented in the desiygn in this report is adequate
to carry 110 percent of rated load continuously at any voltage
within the specified operating range, at any of the specified
environmental conditions for a period of 1 hour.

Approximately 20 watts additionally arc required
during the overlcad condition for the power converter,

Dwr ing the overload condition the fuel coll output
must. be as follows:

Deliver el Power: 1500 %X .1 = 1,650 watt

Paragitic Power: 250 4+ 20 = 270 watt

Toval I'ucl Cell OCutput 1,920 watt
~79_
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4.4.1.6 Cont.

O

Component overload requirements are detailed below:

Fuel Requirements:

Purge 0.462 1b/hr

Product Gas 2.640 lb/hr

Total 3.102 1b/hr
Cracker:

The thermal cracker as presented in the design plan
is large enough to operate at a fuel rate of 2.8 1b/hr
which is morc than the required rate of 2.69 1lb/hr required
during the overload condition.

Fuel Pumps:

The fucl pumps arc adequate to supply the slightly
higher fuel rate requirements. The fuel pumps' power re-
quirements do not increase during the overload condition.

Carhon Combustion - ALr Blowar:

The same amount of air is supplicd by the blower
during the overlemad condition as is supplied for the higher
fuel rate during normal operation. During the overload
condition the cracker will perform under a slightly lower
oxXygen to carbon ratio but still high cnough to prevent
catalyst plugging. No additional power input into the
hlower is roquired duriny the overload condition.

Methanator :

The methonator ag prescented in the design plan is
large cnough to handle the slightly incrcased cracker
product gag flowratc.

Fuel Cell:

The fuel ¢cll is designod for an output of 1920 wattug.

-
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4.4,1.6 Cont.

The overall dimensions as shown in the design plant will
not change.

Fuel Cell - Air Blower:

The air blower output is not increased during the
overlcoad period, thercefore, no additional power input is
required. The fuel cecll will operate during the overload

period at a slichtly higher temperature than during normal
operation.

Controls:

No additicnal power is reguired for controls during
the overload period.
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4.4.2 Fuel Cell Start-Up

The operating temperature range of the fuel cell is
212°F to 350°F therefore the most severe start-up condition is
at =25°F ambient where a minimum temperature rise of 237°F is
required. This must be done during the 15 minute start-up
period. The amount of heat required durinag this period is
approximately 1900 Btu's not including any heat loses.

In developing a workable start-up system, four methods
for heating the fuel cell were considered:

A. Heat Exchanger:

The hot rombustion gases from the thermal crackers
flow through one side of a heat exchanger. On the
other side a blower would force heated air to the
fuel cell.

B. Intecgral Heat Exchanger:

In this case a heat exchanger would be built into the
lower part of the thermal crackers. Air would flow
through the exchanger and then to the fuel cell to
provide heat.

C. No Heat Exchanger:

The reactor is brought to a higher than normal tem-
perature, fuel flow is stopped and air is blown
through the cracker to the fuel cell. Initially it
would be necessary to mix the hot air with cooler air
before entering the fuel cell,

D. Separate Start-up Burner:

In this mcthod, a separate cstart-up burner is used to
supply hot combustion gases to a heat exchanger. Air
is blown througn this heat exchanger and then into

the fuel cell By the fuel cell blower. Hot combustion
gages arc nct fed directly to the fuel cell since im-
puritios in the cocbustion gases could adversely affect
the fuel cell.

|
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1 . 4.4.2 Cont.

4 Each of the four systems was theoretically evaluated
and all advantages and disadvantages were tabulated.

b Advantages Disadvantages

H Sep. Heat Ex. Nothing added to thermal  Inadequate heat

% crackers. cransfer. Large
E size,

3 No Heat ExX. Lightweight. Does not Inadequate heat
g add much to piping, transfer.

5 controls, simple.

] Int. Heat Ex. Heat supplied is May cause reactor

1 adequate. to overheat. Control
system not simple.

Sep. Burner Abundant heat supplied. Heavy, bulky, most
: costly.

Based on the tabulation ind the heat transter cal-
culations a coil wrapped around the bottom section of the
thermal cracker was chosen as the fifth and optimum method for
supplying heat to the fuel cell. The coil would consist of a
1" O.D. tube wound 4 times around the thermal cracker. (Sen
heat exchanger assembly, Fig. 28.) Fach reactor would have
a coil wound around it. The surface area per coil is approx-
imately 1-1/4 square feet so that the total surfuce area is
2-1/2 square feet. The heat transfer coefiicient outside coil
was calculated to he approximately 8 based on radiation and
convection. The coefficient for the air flowing inside the
coil was also calculated and correctly for flow in a helix.

A heat exchanger coil was attached to one of the
breadhoard thermal crackers with a thermocouple in the outlet
air stream. Tenperature data was taken from a cold start-up
and this was plotted on Fig. 29. The heat transfer coefficient
determined from this data is about 6-8. This is close to the
calculated value which was based on temperature data shown on
Fig. 30 from thermocouple locations as pictured on Fig. 31.

The calculations show that not enough heat would be transferred
to heat up the fuel cell in the reguired time. A shield around
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4.4.2 Cont.

the tubing would change the rad’ ation view factor and increase
the efficiency of the heat transfer. The heat transferred
would be approximately 4800 Btu's in fifteen minutes. The
heat lost through the insulation and to sensible heat is

about 2700 Btu's in fifteen minutes thereby leaving about

2100 Btu's to heat the fuel cell. The time required for heat
up would then be 13-1/2 minutes, since only 1900 Btu's are
required to heat up the fuel cell to operating temperature.

The air leaving the heat exchanger could reach a
temperature of 600 to 700°F, it would therefore, have to mix
with air supplied by the fuel cell blowver in order to pre-
vent localized over-heating of the fuel cell. The fuel -ell
temperature controller mentioned previously will be used to
control the diluent air supply. A separate blower would pro-
vide air flow through the two coils at a rate of 10 scfm per
The pressure drop would be approximately 4 in. W.C.

coil.
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4.4.3 Start-Up Battery

Electrical power is required to operate ancillary : '%Q
equipment during the 15 minute start-up period. This power in : -
the AIM design 1s provided by a rechargeable battery pack. i '
The battery pack is recharged during ncrmal system operation. ; -2
(Battery charging operation is described in section 4.3.3.)
This battery pack corsists of 28, 6.5 ampere hrs capacity, ;
sintered~plate, nickel-cadmium vented cells. These cells '
have a fiiled weight of 2.1 oz each, :hereby giving a bat-
tery weight of 16 pounds excluding enclosure,

» . . . ‘

Parasitic pcwer requirements during a fifteen minute ;

start-up period are as follows: |
|
|

Igniters 240 watt-minutes .
Cracker Air Elower 4120 watt-minutes : E
Fuel Cell Blower 350 watt-minutes %
Heat Exchanger Blower 1300 watt-minutes

At an average per cell voltage during discharge of
1.1lv average battery voltage would be 30.8 volts and a battery
capacity of 3.3 ampere~hrs would be required. The cells chosen
for this application have a nominal capacity of 6.5 ampere-hrs
at 70°F. At the actual discharge rate during start~up (approx-
imately four times nominal discharcge rate) is reduced to 5.2
ampere-hrs. At minus 40°F capacitr is further reduced to a
range of from 2.6 to 3.7 ampere-hours. Manufacturers data
generally does not reccmmend the use of nickel-~cadmium batteries
below a temperature of minus 40°F(Ref, 1). For arctic con-
ditions (-40°F to =65°F), a supplementary battery pack or
active thermal control of the battery would be regquired.




4.4.4 Advanced Development Model Packaging

The ADM alyout is shown on Fig. 32. The following
are comments on =pecific design areas.

4.4.4.1 Frame

The frame design calls for 6061 aluminum structural
: shapes and 6063 extruded squares. The frame willbe of all
i welded construction. The roll bars will be bolted to the
frame to allow far removal for maintenance. After welding,
the frame and roll bars will be heat treated to a T6 temper.

Aluminum has been chosen on the basis of a compar-
: ison with steel of their relative energy absorbing capacities
i in impact and damping capacities for vibration contrecl. En-
§ ergy abosrbing capacities can be compared by using the
: equation.

u s —9v?2
2E

Vhere u eguals Llue energy a material can absorl per unit volume
when it is stressed to the proportional limit, ¢ = yield stress
and E = modules of elasticity. As can be seen alaminum with

an E 1/3 of steel and a density 1/3 of steel is a good choice.
However, because the yield stress is squared, this does not

hold true unless the aluminum 1is in the Té condition.

e e g | e i 4

The frame will be deslaned for rigidity hy designing
equipment support members so that the natural frequency ex-
ceeds the test frequercy. This will be done by using members
with a high moment of inertia tc weight ratio, tne liberal use
of gussets, and braces in three mutually perpendicular axes
where members would vibrate as cantilevers or beams.

A reduction in design stress will De utilized in
the horizontal plane to provide for fatigue loading during
vibration. This will not be necessary in the vertical plane

because the design for drop test will be more than adeguate
for fatligue.

ottt G B 1 £ i

J—"

The design for shock and vibration may require a
prohibitive weight increase. It would then be necessary to
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4.4.4.1 Cont.

perform a trade-off study.

The frame will be anodized for protection against
galvanic corrosion and will be finished per MIL-F-10472A.
A single lifting eye is provided above the power plant
center of gravity.

4.,4.4.2 Piping

Burn~off air tubing will be 1-1/2" 0.D. stainless
steel. Product gas tubing will be 3/8" 0.D. stainless steel.
Fuel line tubing from the fuel check valves to the thermal
crackers will be fiexible par MIL-H-13444, Type I or II. The
remainder of the fuel line will be 1/4" 0.D. stainless s-<el.
Tubing from the air-preheater to the fuel cell will be 1-1/2"
0.D. stainless steel. Formed tubing will be used instead of
butt-welded elbows where bend radii are sufficient.

Fuel and product gas line connectors will be stain-
less steel SAE standard flare fittings.

A connector will be installed in the air line be=
tween the air-preheater and the fuel cell. This will be a
lightweight, gasketless joint, Type J13 manufactured by
Aeroquip Corp. A bellows type, thermal expansion joint will
be installed in the same line.

Provision will be made at the outlet of the air
exhaust valve for connection of an exhaust duct when the set is
operated in a confined area.

4.4.4.3 Panel

The instrument panel and the power conditioner
access door will be 1/3" thick aluminum. The remainder of
the instrument housing will e thin sheet with ribs attached
for rigidity. The entire housing will be anodized for pro-
tection against galvanic corrosion.

4.4.4.4 Safety

Two safety systems are incorporated in the ADM




4.4.4.4 cont.

de-ign: Automatic shut-down in the event of system fault,
and personnel protection.

4.4.4.4.1 safety Shut Down

Safety override and shut down is designed as an in-
tegral part of the fault detection system. In the event of a
malfunceion which could cause a perscennel hazard, svstem
damage or improper system operation, the system will automa-
tically be sequenced to shut-down. During normal operation
the primary shut down signal will be the inability of the
thermal cracker to provide adequate hydrogen to meet fuel cell
demands up to rated lcad. Tvypical failures which could cause
this condition to exist are: insufficient fuel, cracker undeir-
temperature and overtemperature, funccioning of cracker over-

pressure safety, auxiliary component failure, or fuel pressurce
faiiure.

Secondary shut down signals will he generated by
fuel cell over and under temperature.

Dur.ing the start-up protion of power plant opera-
tion, a flame safety device will wonitor fuel ignition on the
start~up filaments and will terminate the stari-up cycle
should ignition be lost.

4.4.4.4.2 Personnel Protecgtion:

Expanded aluminum metal will be used to cover a
portion of the back of the set to provide personnel protection
against the hot thermal crackers. A shield as described in
4.4.4.6.1 will provide protection on the toup of the set. All
hot gas exhausts in the ADM design aire directed away from
the operator.

4.4.4.5 Environmental Protection

A lightweight aluminum shield will be installed on
a portion of the top of the set. It will cover Lhe valves and
the thermal cracker. Ift is intended to protect the valve
operating mechanism and conversely provide personal protec-
tion against the hot valves and thermal crackers. The
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4.4.4.5 Cont.

bottom of the shield will be insulated. Ribs will be attached
tc the top fox rigidity. Protection of other items against

sand, dust, or rain will not be necessary.

4.4.4.6 System Weight

The weight breakdown of the ADM design is as follows:

Fuel Celi and fuel cell housing
Thermal Crackers (2)
Insulation
Storage Battery Assembly
Panel Assembly
Panel and housing
Elapsed Time Meter
Ammeter
Voltmeter
Circuit Breaker
Power Ccuditioner
Electrical wiring and controls
Inlet and exhaust air valves
Hydrogen Vvalves (2)
Fuel Check valves (2)
Sclenoid valve
Valve Cam and #otor Drive Assembly
Cams
Motor
Rack
Product Filter (2)
Sequence Timer
Lead & Sulfur Trap & Methanator
Burn-0ff Air Blower
Fuel Cell & Start-Up Air Blower (2)
Frame
Tubing & Fittings
Start-Up Air Preheater
Fuel fump (2)

Total

R RS R B SR T s

¥
£

Wt .~1lbs

50.0
34.0

2.0
16.5

N
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These weight estimates are based on camponents as tested

on the hreadboard system.
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5.C Discussion

Further Technical Investigation Required - although
the advanced development design was functionally verified by
breadboard testing, several areas, primarily life effects,
nust. be futher investigated before performance of a field

system can be fully characterized. These areas are summarized
helow,

5.1 Reactor Catalyst Life

The longest full size thermal c:iacker run performed
in this program was 80 hours. Although puiformance at this
po.nt was satisfactory. the length of iuhe run does not allow
prcjection of a 1500 hr operating life. Long terit catalyst
life may be adversely affected by trace elements present in
the hydrocarbon fuel e.g. bromine and phosphorus as well as by
lead and sulfur. In some reactor tests, o¢perating on combat
gasoline, lead poisoning of the nickel catalyst was suspected
but not verified.

Migration of the nickel catalyst vas opserved in
breadboard thermal cracker tests (see sect. 4.2.2). It is
unknown whether this phenomenon is self-limiting, or could,
with time, cause serious redistribution of catalytic activity
within the bed.

5.2 Reactor Pressure Drop

Alr pressure through the breadboard reactors was
onserved to vary fram 12.5 to 15 inches of water during the
burn—-oif cycle. Pressure drop through the ADM design reactors
is predicted to be 10 inches of water. If a substantial re-
duction in pressura ~“rop can be obtained by changes in reactor
or ca*ralyst geometry, reduction in blower size, weight and
powe» consumption could be realized. This saviag would be
particularly beneficial during start-up as the cracker blower
consumes more than two thirds ol the start--up power require-
ments. Reduction of this power reguirement would result in
a smaller start-up hattery and & lower battery charging load
on the system.

5.3 Cracker IFuel=-Air Control System

The cracker fuel-air control system as designed
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5.3 Cont.

and tested on the hreadboard system was an open loop system
designed to maintain a constant carbon-~oxygen ratio. An open
loop system of this type requires a high degree of accuracy

on all control and process elements to avoid cumulative
errors. If a closed loop system cculd be developed in which
carbon burn-off was controlled by a signal generated directly
as a function of the completion of carbon burn-off the control
system could be greatly simplified by eliminating the necessity
for precise air and fuel metering. In a system of this type,
the fuel pumps would be controlled by the fuel cell demand in
a manner similar to that employed on the breadboard syst-m
and the blower would be controlled by the cracker-—-generatec
signal., Possilkle sources of the blower control signal are,
alr pressure drop, reactor temperature, and burn-off exhaust
gas composition.

A. Air Pressure Drop

The decrease of flow resistance of the catalyst bed
during carbon burn~off could be used as a burn-off control
signal. A measurement of this, however, is complicated by L
catalyst setvling during operation and handling and by the P
increase in flow resistance, ~aused by reactor temperature
increases during burn~off.

i M i

B. Reactor Temperature

In an ideai reactor, blower shut-down could be
initiated at +he point of inflection of the catalyst bed
temperature. This point of inflection occurs when rarbon
burn-cff is completed and subseqient air serves only to
ccol the reactor. In an actual reactor detection of this
voint of inflection is difficult due to migration of the
"hot" zone and changes of the C0O-CO, formation ratio
during the burn-off cycle. :

vl bl o

witlha

Burn—-0ff Exhaust Gas Composition

During burn~off, the CO, composition of the cracker
exhaust remains in the range of approximately 15 to 20%
up to completion of burn-off. As complete carbon burn-off
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5.3 Cont.

is approached the percentage of CO, in this stream drops
precipitously. This decrease in CO, level can be detected
by a relatively simple infrared cell.

D. Recommendations

It is recommended that both reactor temperature and
burn-off exhaust gas composition be further investigated
as signal sources for a closed loop control systen.
Cracker temperature investigations should include integrated
catalyst bed temperature e.g. a continuous resistance tem-
perature element in the catalyst bed, as well as spot
temperatures. Both the pcint of inflection and change of
slope of the cracker temperature curve should be investi~
gated as poussible control points.

Burn-off exhaust gas composition should be monitored
over the full range of fuel flow rates to determine if the
CO, level can be used as a blower shut-off signal. CO;
detection technique should also he investigated.

5.4 Fuel Cell Start-Up

For the ADM a fuel cell start-up system utilizing
heat available from the thermal cracker was designed (see
sect. 4.4.2). Operation of this system, however, has not been
verified in actual testing. Prior to construction of the

initial ADM performance of this system should be verified by
breadboard test.

5.5 Fuel Cell Cost Reduction

Significant cost and weight savings can be realized
by utilization of non-metallic bipolar plates and less expen-
sive electrode structures. Graphite polar plates were inves-
tigated under this contract (see sect. 4) and it is antici-
pated that the ADM will er»loy carbon structure hipolar plates.

Simultaneously with work performed under this con-
tract, Engelhard Industries has investigated low cost electrode

-7
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5.5 Cont.

structures under contract DAAKO02-71-C=0297. Electrode improve-
ments realized under this proyram will be incorporated into
the AMM.
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6.C Conclusions and Recommendations

The work performed under this contract demonstrated
that a practical power source can be realized through devel-
opment. of the open cycle fuel cell system. The breadboard test
program confirmed fuel cell operation utilizing a hydrogen-
rich fuel stream produced by thermally cracking logistic,
military fuels. Further development is required, however,
before a system suitable for field operation can be constructed.

Cve to the advantages offered by the open cycle fuel
system, such as silent operation, multi-fuel capability, re-
liability and fuel economy, Engelhard Industries recommends
that this deveclopment be continued to allow full evaluation of
the open cycle fuel cell power plant as a field power supply.
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APPENDIX I

Material Balance:

60 scih of product gas containing an average of 75% H, will result
in a Fuel Cell output of 1750 watts. Refer to Fig. 33.

Basis:
1. Fuel Formula: C7.0 H 3
2. Fuel Consumption: 2.82 lb}gf = 0.0275 1b mole/hr
3. Cracker Cycle Time:
Purge: 1/2 minute
Cracking: 3 minutes
Burn-~off: 2-1/2 mi-utes
4, Cracker product gas upstream of methanator contains 2% CO.
5. Hydrogen Utilization in Fuel Cell is 95%.
6. Hydrogen Consumption in Fuel Cell is 0.0375 gram/cell
ampere - hour.
7. Volt/cell - 0.67.

Calculations:

Fuel Consumption:

Purge: 0.42 1b/hr = 0.0040 1lb. mole/hr
Product Gas: 2.40 1b/hr = 0.0235 1lb wole/hw
Total 2.82 1b/hr = 0.0275 1b mole/hr

Basic Reactions During the Cracking Cycle:

Purge: 0.00395 C7,3 Hy5,8 = 0.0206 H, + 0.0054 CHgq = 0.023C
Product Gas: 0.02355 C7,5 Hye g — 0.2233 H, + 0.0314 CHy = 0.138C
Total 0.02750 C7 .9 Hy5.,8 — 0.1439 H, + 0.0368 CH4 = 0.161C

Product Gas Upstream of Methanator:

Comp. Lb/mole SCFH Vol%
H, N.1233 46,6 78.0
CHy 0.0314 11.9 20.0

*CO 0.0032 1.2 2.0

" CoHy Trace Trace Trace
C,Hg Trace Trace Trace
N, Trace Trace Trace
Total 0.1579 59.7 100.0
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* Based on actual analysis performed, the average concentration
of CO in the cracker product gas was taken as 2%.

Methanation Reaction

0.1233 H, + 0.0314 CHy + 0.0032 CO

0.1137 Hp + 0.0346 CHy + 0.0032 H,0

Feed Gas to Fuel Cell:

Comp. Lb/mole SCFH Vol.%
H, 0.1137 43.0 75.0
CH4 0.0346 13.1 22.9
H,0 0.0032 1.2 2.1
C.Hg Trace Trace Trace
N, Trace Trace Trace

To.al 0.1515 57,3 100.0

The hydrogen utilization in the fuel cell is 95%.

Fuel Cell Effluent Gas: i

Comp. Lb/mole SCFH Vol.%
H, 0.0057 2.15 13.1
CHg 0.0346 13.10 79.5
H,0 00,0032 1.20 7.4
C,He Trace Tr: e Trace
N, Trace Trace Trace

Total 0.0435 16.45 100.0

Hydrogen Used in the Fuel Cell:

0.1137 - 0.0057 = 0.1080 1lb/mole/hr = 0.216 lb/hr = 40.8 scfh

Hydrogen Requirements to Produce 1750 Watts:

1750 Watt x 0.0. 5 gram H,/Cell Ampere x 1 1D
0.67 volt/Cell 454 gram

= 0,216 1b H,/hour = 40.8 scfh
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ENERGY BALANCE (Refer to Fig. 33)

Energy Available:

5 Hgp - Energy available from 18,200 Btu/hr .
1 . &, |
1 carbon combustion at i
g 1800°F. Products of - 5N
1 combustion at 1800°F. g
E Energy available due tou temperature X
decrease from 1800°F to 1200°F of 4,377 Btu/hr -
cracker effluent gases during burn-off. 3;
Energy available due to temperature -3
decrease from 1800°F to 300°F of 2,079 Btu/hr e
cracker product gas. D
Energy available due to temperature 251 Btu/hr ’ ;i
decrease from 1800°F to 800°F of g |
cracker purge gas. »
1 X
Total 24,907 Btu/hr i §

Enerqy Required: ?

Hr, - Energy required for the fuel cracking 5,500 Btu/hr :

" reaction at 1800°F. Products of
reaction are at 1800°p.
Hgp-. - Energy required for preheat of cracker 660 Btu/hr

-

product gas from 300°F to 600°F and for
the methanation reaction at 600°F. i

Total 6,166 Btu/hr

Heat LoOsses:

Q) Loss = Energy loss from crackers and
methanator envelope
2] Loss = HRry g, + R3 = 24,907-6,165 = 18,741 Btnu

2t
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sttt s




APPENDIX I Cont.

EFnerqy Balance (Cont'd)

Q2 loss Energy loss from line between the methanatos ard fuel

cell. The gases leave the methanator at 600°F and
enter the fuel cell at 150°F,

Q> loss 536 Btu/hr.
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